Over the past 30 years, heteroatom-containing aluminophosphate molecular sieves as a prime class of heterogeneous single-site solid catalysts have been quickly developed since the first discovery of aluminophosphate molecular sieves in 1982, and a large variety of such materials with 48 unique zeotype structures have been prepared. This work mainly presents the progress in the development of heteroatom-containing aluminophosphate molecular sieves with new zeolite structures and variable framework compositions in recent years.
Introduction
A single-site heterogeneous catalyst is a solid where the catalytically active centres at the solid surface are separated well without mutual interaction, so that an incoming species may experience the same energetic interaction between them and each one of the active centres. Such materials bridge the gap between homogeneous and heterogeneous catalysis, which play a more and more important role in many industrially chemical processes, and in a variety of fundamental catalytic studies (Copéret et al. 2003; Thomas et al. 2005; Thomas & Raja 2006a ,b, 2007 .
Zeolites as a class of crystalline materials with well-defined nanoporous space are very important catalysts in the fine-chemical and petrochemical industries (Breck 1973; Xu et al. 2007) . These materials are ideal candidates to accommodate the active centres in the nanospace to become single-site solid catalysts. Particularly, aluminophosphate molecular sieves, denoted as AlPO 4 -n, which was first discovered by Wilson et al. (1982) , have a much higher degree of ionic character than that of aluminosilicate zeolites, which enables a variety of metal ions to isomorphously substitute the tetrahedral sites in their open framework to yield metal heteroatom-containing aluminophosphate (MAPO) molecular sieves (M = metal heteroatom; Cora et al. 2003) . The incorporation of a divalent heteroatom produces negative charges in the framework, which needs the guest species, i.e. protonated organic amines and H 2 O located in the channels or cavities, to achieve the charge balance based on the charge-density matching principle Thomas et al. (2005) and Thomas & Raja (2006a ,b, 2007 have done outstanding work on the catalytic studies by taking advantage of single-site solid catalysts, and their excellent reviews elaborate the advantages and applications of single-site solid catalysts based on the MAPOs.
Stimulated by the important applications of single-site solid catalysts and other emerging applications of MAPO molecular sieves in ion-exchange, photoluminescence, magnetism, etc., the synthesis of heteroatom-containing aluminophosphate molecular sieves with various frameworks has aroused considerable interest. These materials are typically synthesized from an AlPObased gel medium in the presence of metal heteroatoms and organic amines under hydrothermal, solvothermal or ionothermal conditions (Flanigen et al. 1988; Noble et al. 1997; Hartmann & Kevan 1999 , 2002 Yu & Xu 2006) . In one case, the metal heteroatoms can isomorphously substitute the Al or P atoms in the framework of AlPO 4 -n molecular sieves, forming MAPO molecular sieves with analogous structures. Alternatively, the metal heteroatoms can play a significant stabilization role in the formation of some unique MAPO zeotype structures without the AlPO 4 -n molecular sieve analogues. Up to now, a large variety of metal heteroatom-containing aluminophosphate molecular sieves have been prepared, which exhibit both structural diversity and rich compositional variation. MAPO molecular sieves provide abundant scope for discovering new single-site solid catalysts.
In this work, we will present the status of heteroatom-containing aluminophosphate molecular sieves in the past 30 years, and mainly highlight the recent progress in the synthesis of MAPO molecular sieves with new zeolite topology and novel framework compositions.
General status of heteroatom-containing aluminophosphate molecular sieves
Since the pioneering work of Flanigen et al. (1986) in the synthesis of heteroatomcontaining aluminophosphate molecular sieves, extensive investigation has focused on the incorporation of metal heteroatoms with different valences into the AlPO 4 -n frameworks in order to modify their physical and chemical properties in catalysis, ion-exchange and so forth. Nowadays, MAPO molecular sieves comprise a wide range of structures and framework compositions. Among the 201 identified zeolite topological structures, 48 zeotype structures are based on the M-Al-P-O compositions (Baerlocher & McCusker 2011) . Such structures include 24 novel zeotype topologies as well as 24 zeotype structures with framework topologies analogous to those found in the pure AlPO 4 -n molecular sieves. They exhibit a wide range of pore opening, varying from very small pore with six-rings, small pore with eight-rings, medium pore with 10-rings, large pore with 12-rings and extra-large pore with 18-rings, as well as multiple channel systems from one-to three-dimensional channels. More than 20 kinds of metal elements with various oxidation states can be incorporated into the MAPO molecular sieves, such as +1 (Li), +2 (Be, Mg, Ca, Zn, Mn, Fe, Co, Ni, Cu, Cd, Sr), +3 (Cr, Co, Fe, Ga, Mo), +4 (Ge, Ti, Sn, Zr, V), +5 (As, V, Nb), which cover most of the maingroup metals and transition metals in the Periodic Table (Flanigen et al. 1986; Baerlocher & McCusker 2011; Li et al. 2011) . The structure and composition features of MAPO molecular sieves are given in table 1. It should be noted that the thermal and hydrothermal stability of the MAPO molecular sieves is somewhat less than that of the AlPO 4 -n molecular sieves.
The isomorphic substitutions of metal heteroatom in AlPO-based molecular sieves have been extensively studied in the past years, and several substitution mechanisms have been proposed. A general recognized mechanism of substitution was elaborated by Flanigen et al. (1988) and Martens & Jacobs (1994) . They proposed three types of isomorphic substitutions of metal heteroatom in an aluminophosphate framework: (i) substitution of Al site; (ii) substitution of P site; and (iii) substitution of adjacent Al and P pairs. The first isomorphic substitution usually occurs when a metal heteroatom with valence +1, +2 and +3 is incorporated into the AlPO 4 -n framework, resulting in an M-O-P bond. However, the isomorphic substitutions of a metal heteroatom (e.g. V and Ti) with valence +4 and +5 are very complex, which can follow any one of these mechanisms or represent a combination of them in some cases (Jhung et al. 1990; Montes et al. 1990; Rigutto & van Bekkum 1993; Haanepen & van Hooff 1997) . It is noteworthy that no evidence is found for the true isomorphous substitution that sometimes occurred. In the case of MAPOs with novel zeotypes, the presence of a metal heteroatom appears essential for the formation of such structures, and pure AlPO 4 -n analogues cannot be formed in the absence of metal heteroatoms. Overall, the substitution of metal heteroatoms in MAPO molecular sieves is governed by many factors, such as synthetic conditions, inorganic lattice, metal concentration, the template and so on, which should be concretely elucidated on the basis of the practical instance together with different characterization techniques, i.e. single-crystal X-ray diffraction, nuclear magnetic resonance spectroscopy, UV-Raman, extended X-ray absorption fine structure spectra, etc.
Progress in heteroatom-containing aluminophosphate molecular sieves
In terms of the framework compositions and structures of MAPO molecular sieves, heteroatom-containing aluminophosphate molecular sieves can be classified as two major categories: (i) MAPO molecular sieves as pure AlPO 4 -n analogues and (ii) MAPO molecular sieves without pure AlPO 4 -n analogues. (Raja et al. 1999) . This family of materials can be viewed as the true isomorphous-substituted derivatives of AlPO 4 -n molecular sieves. In these materials, the metal heteroatoms are disorderly distributed in the framework, and occupy the same positions as Al or P atoms. The molar fraction of a metal heteroatom in the framework typically varies from 0.01 to 0.25, which is dependent on the synthetic conditions and guest templating species. These AlPO 4 -n analogues with a low degree of substitution usually have good thermal stability upon calculation, which can be stable after the removal of the occluded guest molecules.
The synthesis of MAPOs with novel framework composition and controllable heteroatom content is important for studying the catalysis property of such materials. Recently, some successful examples have been achieved by our group through introducing heteroatoms into the aluminophosphate framework, and suitable selection of the guest species to adjust the substitution degree of the heteroatom in the framework based on the host-guest charge-matching principle . (Baerlocher & McCusker 2011) . Most structure-directing agents (SDAs) used in the synthesis of these compounds are cycloamines. More recently, by using two different cycloamines, i.e. n-methylpiperidine and 1,2-diaminocyclohexane, with a similar geometric (Wang et al. 2012) . Figure 1 shows the structure of MgAPO-CJ67. They are the first example of Mg-incorporated aluminophosphates with the LEV-zeotype structure. The magnesium and aluminium atoms co-occupy the same crystallographic positions in the frameworks of MgAPO-CJ67(a) and MgAPO-CJ67(b), but with a different Mg/Al ratio of 1/3.5 and 1/2.5, respectively. MgAPO-CJ67(a) exhibits higher thermal stability upon calcination than MgAPO-CJ67(b), and its framework keeps intact after the removal of occluded organic SDAs. After the removal of organic SDAs by calcination, MgAPO-CJ67(b) has BET surface area of 386 m 2 g −1 and a medium acidity, which might act as a potential single-site solid acid catalyst.
(ii) LAU-zeotype transition-metal-substituted aluminophosphates
The LAU-zeotype structure has one-dimensional 10-ring channels. An aluminosilicate, several gallophosphates and a Zn-substituted aluminoarsenate with LAU-zeotype topology have been reported (Baerlocher & McCusker 2011) . By using imidazole as the SDA, we solvothermally synthesized three transition metal-substituted aluminophosphate molecular seives, (C 3 N 2 H 5 ) 8 [M 8 Al 16 P 24 O 96 ] (denoted MAPO-LAU, M = Co, Mn, Zn) (Song et al. 2009a) . Their frameworks are analogous to the zeotype LAU structure in which 33 per cent of the aluminium sites are replaced by transitional metal ions. The protonated imidazole cations resided in the 10-ring channels. Figure 2 shows the structure of MAPO-LAU. (b) MAPO molecular sieves without pure AlPO 4 -n analogues MAPO molecular sieves also exhibit 24 zeotype structures for which no pure AlPO 4 -n counterparts have been found; the metal heteroatoms play an significant stabilizing role in the formation of these zeotype structures. Notable examples are UCSB-6 (SBS), UCSB-8 (SBE) and UCSB-10 (SBT), synthesized by Bu et al. (1997) in the highly charged phosphate system based on the host-guest charge-density matching, which have multi-dimensional 12-ring channels. In these structures, the distribution of a heteroatom in the framework is in two ways: (i) disordered and shares the same site with Al or P atoms and (ii) ordered and occupies an independent crystalliographic position. The incorporated amount of heteroatom in the framework is normally more than 10 per cent for M/(M + Al), resulting in a high framework charge reducing the structural stability. Most of these materials are unstable upon the removal of the protonated guest molecules, which limits their applications in catalysis and adsorption.
By the advantage of the stabilization effect of heteroatoms on the zeolite frameworks, we introduced divalent metallic ions into the aluminophosphate framework, and have successfully synthesized several new heteroatom-containing aluminophosphate molecular sieves. Most of them exhibit new zeotype structures, and their structures are described as follows. Mg, Fe, etc.) Through introducing divalent metallic ions (Co 2+ , Mg 2+ , Fe 2+ , etc.) into the aluminophosphate framework, a series of novel heteroatom-containing chiral aluminophosphate molecular sieves MAPO-CJ40 (M = Co, Mg, Fe, etc.) have been solvothermally synthesized by using diethylamine as SDA ( Song et al. 2009b) . The framework of MAPO-CJ40 is intrinsically chiral and exhibits a new zeotype structure assigned as JRY (Framework Type Code). Its structure is based on the strict alternation of MO 4 /AlO 4 and PO 4 tetrahedra to form an anionic framework, whose charge neutrality is achieved by protonated diethylamine cations. Figure 3 shows the structure of MAPO-CJ40, which contains one-dimensional helical 10-ring channels running along the [010] direction, and the pore size of 10-ring opening is 4.41 × 2.24 Å(O · · · O distances; figure 3a ). The helical channels are enclosed by double helical ribbons of the same handedness made by the edge-sharing of six-rings along the 2 1 screw axis (figure 3b). It should be noted that the heteroatom atoms exclusively occupy the same independent crystalliographic position in the framework of MAPO-CJ40, and play an important role in stabilizing the chiral framework based on the molecular simulations and geometric calculations. Strikingly, the heteroatoms in the framework are separated well and adopt a helical arrangement along the channel ( figure 3c ). MAPO-CJ40 could be a potentially interesting single-site chiral solid catalyst once the occluded templates have been removed successfully.
(ii) MgAPO-CJ60 :
A magnesium-substituted aluminophosphate MgAPO-CJ60 has been hydrothermally synthesized by using 1,2-diaminocyclohexane (DACH) as the SDA (Duan 2009 Figure 4 shows the structure of MgAPO-CJ60. MgAPO-CJ60 possesses a new zeotype topology and it is a new member of the ABC-6 family. Its framework structure can be viewed as constructed absolutely by six-rings, and the stacking sequence of six-rings in the framework By introducing divalent Co 2+ and Zn 2+ ions as heteroatoms into the aluminophosphate framework, two new heteroatom-containing aluminophosphates MAPO-CJ62 (M = Co, Zn) have been hydrothermally synthesized by using N -methylpiperazine as the SDA (Shao et al. 2012) . Their structures are composed of a three-dimensional anionic [M 2 Al 4 P 6 O 24 ] 2− framework constructed from strict alternation of AlO 4 /MO 4 tetrahedra and PO 4 tetrahedra, and disordered diprotonated N -methylpiperazine cations are located in the free space to balance the negative charges in the framework. MAPO-CJ62 exhibits a new zeolite topology, which contains one-dimensional eight-ring channels running along the [010] direction, and the pore size of opening is 2.5 × 4.3 Å 2 (O · · · O distances). Figure 5 shows the structure of MgAPO-CJ62. Interestingly, the M 2+ ions are also ordered distributed in the framework of MAPO-CJ62, and they selectively occupy two of the three distinct metal crystallographically positions (figure 5b), which is quite different from the random distribution of heteroatoms observed in other aluminophosphate molecular sieves.
(iv) b, c) and cobalt phosphate, have been reported (Baerlocher & McCusker 2011) . All of them were synthesized by using ethylenediamine as the SDA. By the advantage of the directing role of F − ions for D4Rs, we introduced fluorine ions in the synthetic system together with ethylenediamine decomposed from diethylenetriamine as co-SDAs, and synthesized three new iron aluminophosphates: FeAPO-CJ66(a), and FeAPO-CJ66(c) (Wang et al. 2011) . Figure 6 shows the structure of FeAPO-CJ66. They are new members of the ACO family, which exhibit a novel framework composition. Remarkably, the Al and Fe atoms shared the same position in the framework, but the Al/Fe ratios can be effectively controlled from 1/9 to 1/5 to 1/3.9 by adjusting the amounts of F − ions in the synthesis. This work provides a feasible synthetic strategy to prepare the heteroatom-containing aluminophosphates with variable compositions. Also choosing Co 2+ and Zn 2+ ions as heteroatoms, two novel heteroatomcontaining aluminophosphate molecular sieves MAPO-CJ69 (M = Co and Zn) have been solvothermally synthesized by using diethylamine as the SDA (Liu et al. 2012) . Figure 7 shows the structure of MAPO-CJ69. The framework of MAPO-CJ69 exhibits a new zeolite framework type which is constructed by the strict alternation of AlO 4 /MO 4 tetrahedra and PO 4 tetrahedra. It contains two-dimensional intersecting channels along the [010] and [001] directions. Both of which have an eight-ring opening with the pore sizes of 5.2 × 3.9 Å (O · · · O distance) and 4.6 × 3.5 Å (O · · · O distance), respectively. The protonated diethylamine cations reside in the eight-ring channels to achieve the charge neutrality. The structure of MAPO-CJ69 is composed of the 4-4-secondary building unit, which has been found in some known zeolites, such as AFR, DFO, SAO, SFO, ZON, OWE. The M and Al atoms occupy the same positions in the framework with the M/Al ratio of one-third based on the inductively coupled plasma analysis.
Conclusion
Heteroatom-containing aluminophosphate molecular sieves as potential singlesite solid catalysts are highly desirable in industrial processes. In recent years, several heteroatom-containing aluminophosphate molecular sieves with unique zeotype topologies, novel chemical compositions and variable heteroatom contents have been successfully synthesized. These materials exhibit rich diversity in structure and framework compositions. Meanwhile, the successful syntheses of these compounds provide an insight into the structure construction of MAPO molecular sieves and a better understanding of the substitution mechanism of heteroatom and the charge matching of host-guest. In future, more effort should focus on the discovery of MAPOs with novel structures that can be stable after the removal of the occluded organic SDAs, expanding the use of MAPOs as single-site solid catalysts.
